The error resulting from heat conduction in the measurement of the ultrasonic absorption coeffcient using the transient thermoelectric method is studied analytically. An expression for the temperature increase in a tissue specimen of finite dimensions, irradiated by a focused ultrasonic transducer, is given as a function of spatial coordinates, time, radial and axial beam dimensions, and absorption. An error is defined, and results are presented for various values of beamwidth, tissue dimensions, absorption, and time for the purpose of quantifying the experimental error due to heat conduction, and to provide guidance for minimizing this error in experimental procedures. For example, it is shown that the effect of heat conduction on the measured rate of temperature increase is less than 7% when using a transducer with a 5-ram half-power beamwidth at depths greater than 1.5 mm in the tissue.
INTRODUCTION
It has long been established that physical damage to sort tissues can result from heat deposition upon exposure to ultrasound. i-3 The acoustic quantity characterizing the con- The subscript on T,c indicates that the derivative of the measured temperature increase resulting from ultrasonic exposure is to be evaluated when heat conduction is negligible.
In the TTM the derivative is evaluated at small times such that the effect of heat conduction on the measured temperature increase data can be neglected. The temperature derivative is determined indirectly in the PDM by assuming an analytical form for the temperature decay resulting from a short ultrasound pulse and fitting the measured data to the assumed analytical expression. The curve fit then yields JT,•/Jt (Ref.
5). Each technique has advantages and limi-
tations. The existence of an error in evaluating the derivative ences at higher frequencies. A theoretical and experimental investigation of absorption coefficient measurements using the PDM has been reported? 't3 Error estimates were presented and guidelines were given for making accurate estimates of the absorption coefficient with this technique. However, no comparable study of the TTM has been reported. The primary sources of error in applying the TTM to determine the absorption coefficient is heat conduction toward or away from the temperature sensor and the viscous heating artifact associated with the temperature sensor. A previous study of the heat-conduction error resulting from the finite transverse half-power beamwidth (HPBW) of the acoustic beam, and the viscous heating artifact due to the presence of the embedded thermocouple, yielded guidelines for selecting the most appropriate size of thermocouple and specifications of the HPBW when applying the TTM. t t The modeling of acoustic wave propagation, however, did not account for attenuation of the plane wave propagating in the tissue, and heat conduction to the tissue-coupling medium boundary was not investigated. In addition, the time derivative of the temperature was evaluated only at 0.5 s.U The purpose of the present study is to quantify theoretically the errors resulting from heat conduction for a prescribed acoustic beamwidth and specified tissue dimensions, when using the TTM to measure the ultrasonic absorption coefficient in soft tissue. Experimental guidelines for minimizing errors due to finite beamwidth .and tissue dimensions, absorption, and viscous heating result from the analysis. An expression is defined for the relative error at any given time after the initiation of a unit-step ultrasonic pulse. The rela- 
Ot
The source term Q(r,t) in Eq. (2) is given by Q(r,t) = Qof(r)F(t) = (2ct/pCp)l(r)F(t), •?'zø A piecewise linear approximation to I the axial beam variation will also result in an a•alytical expression for the temperature increase due to absorption; however, a Gaussian shape is adequate for a first-order approximation. The shape of the theoretical transverse profile for a focused, cylindrically symmetric radiator at the center of the radius of curvature, as well as the transverse profile for an unfocused radiator in the farfield, is given by a UDCA profile. Although the axial variation of the beam radiated by a planar source differs considerably from a Gaussian function over the entire field, a Gaussian shape is still a useful approximation at the near-field-far-field transition region, for dimensions typically of concern in the TTM. Hence, the analysis presented is useful for unfoeused as well as for focused sources.
The intensity distribution in a dissipationless medium is 
where T,, is the temperature increase in the absence of heat conduction as given by Eq.
(1) and T(r,t) includes heat conduction and is given by Eq. (8) with F(t) = U(t) [ in Eq.
(9)]. Equations (1) and (8) can be used to simplify Eq. Fig. 6 . The Gaussian function of Eq. (5) has been employed for the heating distribution, and the site of temperature observation is the center of the cube for the finite-dimensional cases and the origin for the infinite-dimensional case. The relative error at 0.5 s for a 3 X 3 X 3-mm 3 cube is essentially identical to that for an infinite heating volume. The relative error for a wider HPBW of 1 cm at 1.0 s is 3.4% for a 3 X 3 X 3-mm 3 cube and is less than 3.2% for a 4X4X4-mm a cube even at 1.5 s. It is clear that the TTM can be employed to measure the absorption coefficient of tissue specimens of small dimensions. The PDM, however, may not be useful in such cases because the tissue boundaries will have an effect on the measured temperature increase. It is then necessary to consider the tissue boundaries in deriving an analytical form for the temperature. The shape of small tissue specimens may not lend themselves easily to boundaries for which an analytical form for the temperature can be found, in particular, rectangular or cylindrical geometries. Thus a significant error may result in using such assumptions in the determination of the absorption coefficient using the PDM. large absorption coefficients, the observation point at z = 0 is on the tail of a heat distribution exponentially decreasing with depth. Hence, the temperature increase with time, at z = 0, results from absorption, and heat flow from the region --d < z < 0. As a result, the relative error can even be negative upon normalizing the e-2•a factor from the expression for E. The absorption is important in contributing to the error if the depth at which the thermocouple is placed is not precisely known. The assumption in arriving at Eq. (8) The relative error as a function of thermocouple depth in the tissue at 0.5, 1.0, and 1.5 s, with a = 0, is shown in Fig.  8(a) and (b) for 5-mm and 1-cm HPBWs, respectively. At t = 0.5 s, no significant heat conduction results from the half-space boundary for thermocouples placed 1 mm or deeper in both cases. The asymptotic value of the error with increasing depth is determined by the beamwidth as can be seen by comparing Fig. 8(a) and (b) with the appropriate HPBWs in Fig. 3 . Defining a critical depth as the depth at which heat c•nduction toward the boundary is negligible, at t = 0.5, 1.0, and 1.5 s, the critical depth is approximately 1.0, 1.5, and 1.75 ram, respectively. It is advantageous to place the thermocouple deeper than the critical depth because of the rapid rise in the relative error for more shallow depths, as is seen in Fig. 8(a) and (b) .
The thermocouple junction is centered on the acoustic beam when measuring the absorption coefficient using the TTM. The center of the beam is found by stepping the thermocouple junction transversely across the beam and recording the temperature increase that results from a short ultrasonic pulse. The resulting set of points is then fit to a second-or fourth-order polynomial and the thermocouple junction positioned at the maximum of the fitted curve. Errors in finding the beam maximum by this procedure can result from noise and from sampling increments that are too large. The relative error as a function of time for 3-and 5-mm HPBWs for several displacements from the beam maximum is shown in Fig. 9(a) and (b) , computed using the Gaussian heating distribution of Eq. (5) Thus, for beamwidths of concern in using the TTM to measure the ultrasonic absorption coefficient, a Gaussian beam is a good approximation to a UDCA profile for identical HPBWs.
IV. SUMMARY
It is clear that heat conduction can contribute a significant error to the measurement of the ultrasonic absorption coefficient when using the TTM. The temperature increase in a soft tissue specimen irradiated by a traveling plane wave has been derived in this paper for the purpose of evaluating fundamental limits of the TTM and to serve as an experimental guideline for improving the accuracy of the measurement of the ultrasonic absorption coefficient using the TTM. The infinite, isotropic, homogeneous modeling of the heat conducting medium introduced earlier has been employed in this study. The acoustic beam profile has been approximated, transverse to and along the axis of propagation, as Gaussiam A relative error that represents the difference between the case of negligible heat conduction and the assumed model for the experimental environment was defined. The relative error has been studied for varying spatial coordinates, time, radial and axial beamwidth, and absorption.
The analysis demonstrates that HPBWs of the order of 1 cm result in a significantly lesser error than more highly focused beams. A wider HPBW has the advantage that the time derivative of the temperature can be evaluated at times longer than 0.5 s, e.g., 1.0 or 1.5 s, for an error due to heat conduction less than 5 % in most practical cases. The contribution of the thermocouple related viscous heating to the temperature derivative is then reduced, thereby improving the estimate of the absorption coefficient. The effect of absorption on the accuracy of the measurement was found to be important only when the actual depth of the thermocouple junction differed from the assumed position, and then was significant only for large absorption coefficients. The depth at which the thermocouple junction should be located, such that heat conduction at the water-tissue interface is negligible, was found to be a function of time. The critical depth at 0.5 and 1.5 s was found to be I and 1.75 ram, respectively. Linear-wave propagation was assumed; however, it is possible to extend the analysis to include the error contributed by harmonic absorption in a nonlinear acoustic field to the measurement of the absorption coefficient at a given frequency. 24
The error in the TTM measurement increases as the frequency is increased because of the decrease in the HPBW of the acoustic beam for single, focused, radiating elements. Larger HPBWs at higher frequencies entail longer focal distances over which nonlinear distortions in the acoustic wave may result. The error in the TTM measurement due to heat conduction can be kept under 10% for HPBWs greater than 3 min. However, for the narrow HPBWs typically encountered at high frequencies, and at high intensities, the PDM measurement can be expected to yield more accurate results than the TTM.
